Abstract
Introduction
Production testing of analogue cells in today's mixedsignal systems is a very time consuming and expensive business. This has stimulated a lot of interest in new test techniques that are aimed at reducing test time. One such technique is Transient Response Testing (TRT).
Almost a decade of research has shown TRT to be a powerful functional test technique for linear analogue cells in mixed-signal systems [1] [2] [3] [4] [5] . The basic concept of a TRT is to inject a square, logical-amplitude stimulus into the circuit under test and to monitor the resulting impulse response. The advantages of TRT are that:
1. The logic amplitude stimuli employed can be injected into and propagated around mixed-signal systems with ease, either via primary inputs, existing digital circuitry or the Boundary Scan Path.
2. By controlling the pulse width, so that its frequency content matches the full bandwidth of the circuit under test, TRT can be considered to perform a rapid pseudo-exhaustive functional test.
3. Test program generation is trivial, test execution time can be cut dramatically and a mixed-signal test routine can be run using only a conventional digital tester with an analogue data capture channel.
The observed response of the cell is usually compared with a "golden response" by using a correlation-based metric in order to determine if the component is faulty or fault-free [2] .
In order to provide test access to buried analogue cells a digital scan path-based test strategy is used to isolate the CUT by the use of an Interface Scan (IS) as defined in the standard for Boundary Scan [6] .
When the analogue cell is buried deep within the substrate then an additional form of access is required. One solution is to use sampling and quantisation [3] and then to scan the digital results out via the interface scan path. Another solution is to monitor the dynamic current consumption of the IC by using a built-in current sensor that maps disturbances in the device supply current to the response of the circuit under test [4] .
For linear cells TRT can be considered to be a pseudoexhaustive functional test, as the essential functions of a component are defined by its frequency response. However, for non-linear cells this is not the case and one would initially surmise that a TRT of such components would be a fundamentally flawed concept.
However, since the input stimulus employed by a transient response test is quite unique in content it has also been shown to be useful for non-linear analogue circuits if we consider it to be a structural test [11] . In addition, the techniques employed in this extension to non-linear circuits have led to a powerful new BIST technique.
Transient Response Testing as a Structural Test
For the purpose of this BIST study we present results from a Sample and Hold circuit. 
1 The Sample and Hold Circuit

Test Set-up, Fault Modelling , Fault Set Reduction and Response Analysis
Previously published studies using Inductive Fault Analysis (IFA) in order to predict the most likely faults in analogue circuits have generally deduced that short circuits are by far more common than open circuits [7, 8] . We have similarly derived a reduced fault set by producing a typical circuit layout, shown in Figure 2 , then running IFA (VLASIC [9]) using some process defect statistics provided by an industrial partner. The IFA of the Sample and Hold circuit produced a graded fault list of 32 faults.
No.
VT The Sample and Hold circuit was tested by applying a 100ns pulse to the input whilst the circuit was in "sample" mode, resulting in a bandwidth-limited pulse response and the results are shown in Table 2 , then summarised in Table 3 .
There are a number of other factors to consider for a BIST scheme. Firstly we would not want to capture and compare an entire response in order to detect faults. We have therefore looked at four arbitrary points in the test response at T1, T2, T3 and T4 and sampled both voltage and supply current. In order to define a fault detection we ran a Monte Carlo simulation of the fault-free circuit using industrial parameters and specified that for a fault to be classified as detectable, it must result in a response that is outside of the normal fault-free Monte Carlo spread. An open circuit was modelled using 100MΩ in parallel with a 1fF capacitor, since HSPICE does not permit floating nodes, and a short circuit by a 1Ω resistor [7, 8] . Secondly we want to detect as many of the faults as possible, but need to quantify fault coverage in the light of the IFA results.
Unfortunately, there are two faults which are not detected by this simple test, but they are low down in the list and account for only about 500 PPM of test escapes. Of course all of the data which has been derived in this way is process and layout dependent and will provide different results for different circuits, but nevertheless serves to illustrate the potential benefits of this technique. [11] . Worries about the presence of any remaining faults needs to be balanced against the number of test escapes that they would lead to and the number of additional test samples that we would need to take in order to detect them.
BIST
With these reduced fault sets it has been shown that we can often detect all faults, or a very large percentage of them, by employing a transient response test and sampling the output response (voltage or current) just once or twice, then comparing the resulting sample with a known reference. Consequently, we can implement a relatively simple, but powerful, BIST scheme.
The developed BIST cell generates a pulse of a given width, then samples and compares the circuit response with the fault-free response, at one or more points in time after the start of the test. A single micro-coded finite state machine, a DAC and a comparator coordinates a BIST scheme for all analogue cells on the chip as shown in Figure 3 .
The ROM stores code words that contain information on pulse width, the times to sample the test response and the expected sample. Whilst continually cycling through its microcode the state machine first takes control of the CUT via the input multiplexors then generates a test pulse of the required duration. When it is time to sample the test response it generates a binary compare code that is transformed into an analogue signal by the DAC and used by the window comparator to gauge the actual response from the circuit. The resulting sample pass/fail signal is then fed back to the state machine and used, in conjunction with any further samples, to generate an overall pass/fail signal for the whole test sequence. This test cell has only been modelled behaviourally at this stage and in this case we chose to sample only the current at I4 after 750ns, with which we can detect all but about 550 PPM of test escapes. To sample the current we use the techniques described in [4] and to determine the necessary accuracy of the comparison we use the Monte Carlo simulation of the fault-free circuit and the techniques described in [3] .
Of course an ASIC needs only one such structure, which can be optimised and built into the background architecture.
Conclusions
Transient Response Testing has always been thought to be a powerful functional test technique, but its use as a structural test technique has also been shown to facilitate a generic BIST scheme for analogue circuits.
By using IFA and circuit sensitivity analysis to reduce and grade the fault set it has been shown that we can detect most of the important faults by taking a small number of response samples and comparing, on-chip, to an expected response.
The next stage of this research will involve the development of techniques for optimising both the test cell and the sample points, looking at larger hierarchical circuits and more complex test scenarios. 
